Constituents of the "kink" in high-T c cuprates 
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Applying the Kramers-Kronig consistent procedure, developed earlier, we investigate in details the 
formation of the quasiparticle spectrum along the nodal direction of high-T c cuprates. The heavily 
discussed "70 meV kink" on the renormalized dispersion exhibits a strong temperature and doping 
dependence when purified from structural effects. This dependence is well understood in terms of 
fermionic and bosonic constituents of the self-energy. The latter follows the evolution of the spin- 
fluctuation spectrum, emerging below T* and sharpening below T c , and is the main responsible for 
the formation of the kink in question. 

PACS numbers: 74.25.Jb, 74.72.Hs, 79.60.-i, 71.15.Mb 



The nodal direction is thought as a simplest place in 
the Brillouin zone of the high-T c cuprates where the elec- 
tron rcnormalization effects can be most easily under- 
stood. However, since the discovery of an energy scale 
in the experimental dispersion 0, 0, , a so-called "70 
meV kink" its origin remains a matter of extensive de- 
bates |llIllIli,|llISIIip,IIllIl, which now 
have mainly converged into a vital dilemma: phonons 
vs. spin- fluctuations [bjf . Historically, the kink has been 
associated with a coupling to the magnetic resonance 
mode because of its energy and doping dependence 0, 
its seemingly smooth evolution into a spectral dip when 
moving to the antinodal region [3j,|4| , and its temperature 
dependence (emerging below T c ) 5]. At the same time, 
the persistence of the effect above T c reported by another 
group was taken as an argument against the resonance 
mode scenario. Moreover, a visual "ubiquity" of the kink 
for a number of families of cuprates in a wide range of 
doping and temperature [(| and recently found similar- 
ity between a fine structure seen in dispersion to an ex- 
pected phonon spectrum p| have made a strong claim in 
favor of phonon scenario. However, also recently, we have 
reported a careful investigation of the scattering rate 
kink [l(| , which is a simple consequence of the Kramers- 
Kronig (KK) relation between the real and imaginary 
parts of the electron self-energy [l^ > an d which has ap- 
peared to be strongly doping and temperature (xT) de- 
pendent and, therefore, ques tions the phonon scenario. 
Moreover, the odd parity ^3 an d strong dependence on 
Zn impurities of the nodal scattering form solid ar- 
guments for the magnetic scenario. Thus, from a number 
of arguments from both sides, it seems that the studies of 
the nature of the nodal kink have brought us to a stale- 
mate, and an evident way to resolve it is to turn from 
a qualitative consideration of the kink effect to its quan- 
titative analysis to derive the parameters of the bosonic 
spectrum that will allow to unambiguously identify its 
origin. 

Recently we have developed a KK-consistent procedure 
[l2| which allows to extract both the real and imaginary 
parts of the self-energy, as well as the underlying bare 



dispersion from the photoemission data, and, thus, to 
place the kink problem into a quantitative domain. Sub- 
sequently, we have applied this self-consistent procedure 
to a number of nodal photoemission spectra measured 
at different temperatures and doping levels. Here we 
present the result of this investigation. We give a quan- 
titative summary on the evolution of the nodal quasipar- 
ticle self-energy with doping and temperature and con- 
clude about a determinative role of the spin-fluctuations 
in this evolution. 

We have analyzed the spectra from Bi2Sr2CaCu208+5: 
pure Bi-2212 and superstructure free Bi(Pb)-2212, and 
La2_ a; Sr a ;Cu04 (LSCO) samples (we mark the samples 
according their doping and T c ). Some examples are 
shown in Fig.^(a)-(c). The self-consistency requirement 
sets rigorous constrains on quality of the experimental 
data |12j . The widths of the Ep momentum distribu- 
tion curves (MDC) are shown to illustrate the quality of 
the data we analyze. Under "quality" we imply here not 
only good experimental statistics and overall resolution 
but also a purity of spectra from artificial components, 
e.g., due to superstructure or sample inhomogeneities. 
A special complication comes from the bilayer splitting 
in Bi-2212, non- vanishing along the nodal direction [llj . 
that practically means that only spectra measured with 
27 eV photons in the 1st Brillouin zone, when the pho- 
toemission from the bonding band is highly suppressed, 
can pass the KK-criterion [TJ. Therefore, all the pre- 
sented spectra of Bi-2212 have been measured with 27 
eV photons. 

Fig. n (d) is intended to illustrate a disappearance of 
the kink with rising the temperature when the bonding 
band is suppressed by a proper choice of the excitation 
energy hv = 27 eV: at 300 K only a hump on the dis- 
persion remains. Comparing two "kinked" dispersions, it 
is clear that in order to get a reliable information about 
evolution of the interactions which form the kink with 
temperature and doping, one should consider the differ- 
ence of the data derived functions, such as experimen- 
tal dispersions, that requires an exceptional experimen- 
tal statistics. All the mentioned constrains drastically 
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FIG. 1: Photoemission spectra for an optimally doped Bi- 
2212 measured at 30 K (a), and 120 K (b), and an overdoped 
LSCO measured at 40 K (c); some examples of experimental 
dispersions for OP Bi-2212 to illustrate a vanish of the kink 
with rising the temperature, dashed line represents the bare 
dispersion. 



decrease the amount of experimental data suitable for 
the precise analysis. Though a positive thing is that the 
bare dispersion is determined for each particular cut in 
the Brillouin zone and as far as this cut goes through the 
nodal point, the extracted self-energy is not very sensitive 
to its angular deviations from (0, 0)-(tt, 7t) direction. 

Using the aforementioned procedure, thoroughly de- 
scribed in |12|, the bare electron dispersion e(k) can 
be extracted from the photoemission intensity distribu- 
tions similar to those shown in Fig. ^ ( a )-( c )- Conse- 
quently, both parts of the self-energy, X'(o->) = uj — e{k m ), 
and £"(w) = [e{k\) — £(&2)]/2 « —VpW, are accessible 
as well. Here, for each u>, three momentums, k m (to), 
ki(uj), and k2(uj), are defined for the MDC A(k) as 
A(k m ) = max[A(k)}, A(k h2 ) = maxL4(»]/2; the MDC 
width 2W = k% — k\; vp is the bare Fermi velocity. In 
the following we focus on the self-energy functions de- 
rived from photoemission data. 

Main results are summarized in Fig. [3 (a) and (b) 
where we present the self-energy for the Bi-2212 samples 
of three doping levels: underdoped (UD77, x = 0.11), 
overdoped (OD75, x = 0.20), and optimally doped 
(OP92, x = 0.16). In panel (a) we plot £'(w) for an 
underdoped and overdoped samples at different temper- 
atures above T c . The self-energies, almost identical for 
the room temperatures, become essentially different for 
lower temperatures (200 K and 120 K). In other words, 
an increase of £'(w) with lowering the temperature is 
drastically different for overdoped and underdoped sam- 
ples. However, in both cases, this increase exhibits a kink 
close to 60 meV (vertical dashed line). 



The inset illustrates the persistence of the kink fea- 
ture for the overdoped samples over the superconducting 
transition. Here we show £'(w) extracted from the spec- 
tra taken 0.15 A -1 away from the node to monitor the 
presence of the superconducting gap, which effects the 
MDC dispersion at low energy. The position of the kink 
remains unchanged over the superconducting transition 
but decreases with further increase of the temperature. 
Here one can notice some feature around 40 meV that 
appears with the gap opening. This should be a natural 
consequence of the gapped density of states and illus- 
trates a rather weak effect of it on the nodal dispersion. 

In panel (b), for an optimally doped sample, we ex- 
amine the evolution of both S'(o>) and '(lo) comparing 
the data taken at 30 K and 120 K. The blue and grey 
shaded areas represent the change in the real and imagi- 
nary parts respectively. While the increase in £'(w) with 
lowering temperature from 300 K to 120 K for the UD 
and OP samples are dramatic (the room temperature £' 
for OP92 is not shown but coincides with the correspond- 
ing curves for UD77 and OD75), in the range from 120 
K to 30 K only a sharpening of the kink is observed. 
Note, that while the kink feature on £'(o;) at both tem- 
peratures stays approximately at the same energy, their 
difference is peaked at some lower energy (« 50 meV, the 
solid curve shows its fit to a gaussian) that is in agree- 
ment to earlier result Q. 

Following the tradition of model independent data 
treatment we fit the self-energy (in the energy range 
about 150 meV below Ep) to a simple kink-function 
-Y,'(uj) = Xuj(\uj\ < uj k ) + (X h uj + C)(\uj\ > uj k ). The fit- 
ting parameters — kink position Uk , kink strength | A — | , 
and coupling strength A — are plotted in Fig. [3(c) and (d) 
as function of doping and temperature. 

The presented £'(tf) dependencies are consistent with 
the idea of two channels in the scattering process which 
has been earlier deduced from the qualitative analysis of 
the scattering rate 0] . Due to the results presented here 
the idea of two channel scattering is not only supported 
by more careful analysis but also, using the advantage of 
the KK-consistent procedure [12] , can be described quan- 
titatively. In the following interpretation we describe a 
model consistent with the experimental data. 

We distinguish two scattering channels which we mark 
as "primary" and "secondary" (Si and £2)- The for- 
mer is mainly xT-independent while the latter exhibits a 
critical dependence on both temperature and doping. 

The primary channel, due to its a;T-indcpcndence and 
structureless energy dependence, can be naturally asso- 
ciated with the direct electron-electron Coulomb interac- 
tion which results in an Auger-like scattering, the process 
when a hole decays into two holes and one electron [To| . 
In close vicinity to the Fermi level, this process forms the 
quasiparticles of the Fermi liquid type with ^[(lo) = —\lu 
and £"(w) oc lo 2 + (itT) 2 . In a finite energy range, 
the self-energy depends on quasiparticle density of states 
(DOS), following the asymptotic behavior until DOS(oj) 
= const. On a large scale, a confined DOS (with a cut- 
off at ~ w c ) leads to a non-monotonic £"(w) — roughly, 
it reaches a maximum at tu c . Also roughly, being KK- 
related, the real part £i(w) reaches its maximum close 
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FIG. 2: (a), (b) Self-energy functions derived from experimental data for an overdoped, underdoped, and optimally doped 
Bi-2212 samples; the inset on (a) shows the data taken « 0.15 A -1 away from the node to monitor the gap opening; on (b) the 
solid curve shows fit of T.' (30K) (120K) to a gaussian. (c), (d) The evolution of the kink parameters with hole concentration 
and temperature. 



to an inflexion point of T,"(ui) and at u> c goes to zero. 
This behavior is schematically shown in Fig. [3] by the 
red dashed lines. Here we should note that the deduced 
value Lu c ~ 0.3 eV is approximately 3 times smaller than 
the bare band width u>q 12] that is difficult to explain by 
simple renormalization of the bare DOS. Possible expla- 
nation can be related with the highly non-uniform real 
DOS due to the van Hove singularities caused by the sad- 
dle points and/or with kinematic constraints. The latter 
seems to be really essential if we recall a very small effect 
of the gap opening on low energy part of £'(w) (see the 
inset in Fig. [30, so, one can conclude that the effective 
DOS, which forms the self-energy of nodal quasiparticles, 
consists of states mainly from the nodal region. Thus, ex- 
cept the temperature dependent offset of the scattering 
rate, £"(0,T), the temperature and doping dependence 
of the primary scattering channel appears only through 
the effective DOS and remains weak. Roughly, this chan- 
nel can be described by two xT-independent parameters, 
a coupling strength Ai = 0.43 ± 0.02 and scattering cut- 
off lu c1 = 0.35 ± 0.05 eV. 

The secondary channel is essentially different. First, 
it exhibits very different behavior — it gradually appears 
only below some temperature, while both this temper- 
ature and strength of the channel are progressively in- 
creasing with underdoping. Second, the channel is not 
structureless but reveals some energy scale that implies 
a certain structure of the interactions involved. It is this 
structure that forms the "70 meV kink" , depending on 
doping (Fig. |2t) and changing over the superconducting 
transition (Fig. [2b)- 

The shape of ^(w) dependence (see Fig.[3J) indicates 
a bosonic origin of the secondary scattering channel, a 
process during which a hole decays into another hole and 
a bosonic excitation. In a simplest case of constant elec- 
tronic DOS the coupling to a single bosonic mode would 
result in a step- like function. In general case, H'^ui) is 
a convolution of the bosonic and electronic density of 



states. Therefore, a careful examination of this channel 
will not only reveal the origin of relevant bosons but also 
provide parameters of the bosonic spectrum which can 
help to understand the nature of the superconducting 
coupling. Phonons and spin-fluctuations are considered 
as the most probable candidates for the role of the main 
scattering bosons [l5|] ■ In the following we discuss which 
of them can be consistent with the experimental data, 
and, since it is not necessary that the secondary channel 
is formed by bosons of only one type, we split the prob- 
lem into two parts. (1) We derive the properties of the 
bosonic spectrum which makes a global contribution into 
secondary channel. (2) We discuss the structure of the 
scattering rate, whether it is possible to identify it with 
bosons of a certain type. 

The global contribution to ^(ui) can be evaluated in 
terms of a coupling strength of this channel A2 = A — Ai. 
Strong dependence of this parameter on temperature and 
doping can be seen in Fig. [21 (d) : being negligible at room 
temperature it grows as big as Ai at low temperatures (for 
UD and OP) and, e.g. at 120 K, it grows from 0.1 to 0.4 
when the hole concentration is decreasing from x = 0.21 
(OD75) to 0.12 (UD77). At temperatures higher than 
T c , A2 exhibits monotonic (roughly linear) dependence 
on doping. We believe that A2 vanishes at T*(x) that 
is consistent with the previous qualitative consideration 
[Tof although from current results we can only deduce 
that T*(0.21) < 200 K < T*(0.16). The "70 meV kink" 
behaves similarly, or, at least, it vanishes together with 
A2. This makes us to believe that the kink is an inher- 
ent feature of a bosonic spectrum which makes the main 
contribution to £2(0;). 

Common sense suggests that phonons cannot be re- 
sponsible for such a dramatic doping and temperature 
dependence of the channel strength. Only softeni ng o f 
some bosonic modes has been reported (e.g., see [la ]') 
but it seems unlikely that the phononic spectrum can 
completely disappear with doping or temperature. One 
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FIG. 3: Schematic summary of the temperature evolution of 
the real (bottom) and imaginary (top) parts of the self-energy. 



can get an additional argument from purified ^(iv) de- 
pendence (see Fig. OJ) which does not saturate up to 300 
meV binding energy that is difficult to reconcile with 
~ 90 meV confined phononic spectrum [l6|. On the 
other hand, the shape of Y/^ui) reminds one which is 
expected for the spin-fluctuation scattering (continuum 
plus mode) [T^, although the energy of the scattering 
kink in experiment is notably higher: 100 meV in- 
stead of 70 meV 01 • From this "energy argument" , more 
general assumption that the 100 eV energy scale in scat- 
tering, which results is the "70 meV kink" in dispersion, 
is formed by the gaped continuum [T^ seems more ad- 
equate. Moreover, recently predicted new mode in spin 
susceptibility [l^ seems to fit very well the presented 
data. Therefore we may conclude here that the secondary 
channel in the nodal scattering is mainly caused by an 
indirect interaction between electrons through the spin- 
fluctuations. 

Remarkable is the dependence of the kink energy on 
hole concentration, Wk(x), for T c < T < T* (see Fig.0;, 
120 K), which, like T c (x), exhibits a maximum at optimal 
doping level. Similar behavior is observed for the normal 
state of LSCO measured at 40 K (yellow dashed line in 
Fig- SO' This may signify a certain correlation between 
the superconducting glue and spin-fluctuation spectrum 
while the dramatic evolution of uik (x) and A2 (x) over su- 
perconducting transition indicates a strong correlation of 
electronic and bosonic spectra. We note that the mono- 
tonic u>k(x) dependence for T < T c is in agreement with 
earlier results |20|. 

Finally, it can happen that the situation is more com- 
plex than it is seen. Phonons might make an observable 
contribution to the kink story, interfering with the spin- 
fluctuation kink in its dependence on doping and over 
the superconducting transition. In this case, however, 



the maximum coupling to the phonons can be estimated 
as X p h ~ 0.1, that practically rules them out as a glue 
for the superconducting pairing. If the spin-fluctuations 
are the main reason for xT-dependent scattering in the 
pseudo-gap state, a contribution of phonons is smaller 
being probably beyond the accuracy of modern photoe- 
mission experiment. Nevertheless it seems highly impor- 
tant to keep going in this direction improving the qual- 
ity of the experimental data to be able to compare the 
bosonic spectrum extracted from photoemission to spec- 
tra of spin-fluctuations and phonons in order to find out 
the details of the pairing process. 

In conclusion, we distinguish two principal channels 
of interactions which form the quasiparticle self-energy 
along the nodal direction of high-T c cuprates. Both are 
originated from interaction in electronic subsystem, but 
while the primary channel is structureless and mainly xT- 
independent and, therefore, can be naturally explained 
by a direct electron-electron scattering (the Auger pro- 
cess), the secondary channel exhibits a critical depen- 
dence on doping and temperature in agreement with spin- 
fluctuation spectrum and can be explained by an indirect 
process via the magnetic degree of freedom. While the 
maximum of the renormalization is related with satura- 
tion of the Auger process, the kink feature on the experi- 
mental dispersion appears only with underdoping and/or 
lowering temperature and is caused by an energy scale in 
the spin-fluctuation spectrum. The evolution of this scale 
with doping and temperature indicates therefore an inti- 
mate relation of the spin-fluctuations with mechanism of 
high-T c superconductivity. 

The project is part of the Forschergruppe FOR538. 
The work in Lausanne was supported by the Swiss Na- 
tional Science Foundation and by the MaNEP. 



[16] 

[17] 

[18] 

[19] 
[20] 



T. Valla et al, Science 285, 2110 (1999). 
P. V. Bogdanov et al, Phys. Rev. Lett. 85, 2581 (2000). 
A. Kaminski et al, Phys. Rev. Lett. 86, 1070 (2001). 
M. Eschrig and M. R. Norman, Phys. Rev. Lett. 85, 3261 

(2000) . 

P. D. Johnson et al, Phys. Rev. Lett. 87, 177007 (2001). 
Lanzara et al, Nature 412, 510 (2001). 
J. Zhou et al, Nature 423, 398 (2003). 
J. Zhou et al, Phys. Rev. Lett. 95, 117001 (2005). 
Koitzsch et al, Phys. Rev. B 69, 140507(R) (2004). 
A. A. Kordyuk et al, Phys. Rev. Lett. 92, 257006 (2004). 
A. A. Kordyuk et al, Phys. Rev. B 70, 214525 (2004). 
Kordyuk et al, Phys. Rev. B 71, 214513 (2005); 
Kordyuk and S. V. Borisenko, cond-mat/0510421 
Borisenko et al, cond-mat/0505192 
Zabolotnyy et al, cond- mat/0508542 
Damascelli, Z. Hussain, and L.-X. Srien, Rev. Mod. 
Phys. 75, 473 (2003). 
R. J. McQueeney et al. 

(2001) . 

M. Eschrig and M. R. 
(2003). 

A. V. Chubukov and M. R. Norman, Phys. Rev. B 70, 
174505 (2004). 

I. Eremin et al, Phys. Rev. Lett. 94, 147001 (2005). 
A. D. Gromko et al, Phys. Rev. B 68, 174520 (2003). 



A. 
A. 
V. 
B. 



Phys. Rev. Lett. 87, 077001 
Norman, Phys. Rev. B 67, 144503 



